INTRODUCTION
For efficient metabolism and growth of plants, protists, and animals, appropriate qualitative and quantitative balances of essential metallic ions are required (26, 30, 45, 50, 89, 121) . A corollary observation is that various types of abnormal or diseased metabolic states of plants and animals are associated with mineral imbalances in specific tissues or organs (58, 87, 108) . Moreover, the selective biological activities of vitamins, hormones, and drugs are found in numerous instances to be either suppressed or enhanced by, and in some cases even dependent upon, the presence of specific metallic ions (22, 39, 58, 87, 96, 108) . Furthermore, many examples of control by metallic ions of the synthesis of a variety of secondary metabolites and of the initiation of morphogenetic processes, especially in plants and protists, are known (134) . Consequently, it logically can be predicted that metallic ion balances might be of considerable importance in the establishment of host-parasite relationships, and that adjustments between hosts and parasites could be significantly affected by distortions in the metallic ion environment. In this paper, examples of the influence of metallic ions on host-parasite interactions are described briefly; the classification to be used is based on postulated molecular sites of activity of the ions.
A successful parasite, whether virus or protist, must be able to (i) survive outside of its natural host, (ii) infect a new host, (iii) replicate within the new host, (iv) leave the host, and (v) we hope, cause little or no damage to the host. Because of the differences between viruses and protists in chemical composition, mode of replication, and metabolic capacity, the problems encountered by viruses and by parasitic protists in fulfilling the above five requirements are considerably different. This review is divided into three parts. In the first, the dependence of viruses on metallic ions for survival in vitro, for infection of new cells, and for replication is considered. The second part consists of a survey of the involvement of metallic ions in three facets of protist pathogenicity: (i) differential metallic ion growth requirements of virulent and avirulent bacterial strains, (ii) metaldependent synthesis of bacterial and mycotic factors of virulence, and (iii) association of metallic ions with activity of bacterial and mycotic toxins. In the final part, utilization by the host of metallic ions and metal-binding substances as components of antimicrobial defense mechanisms is described.
VIRUS-HOST CELL INTERACTIONS

Stability ofFree Particles
Divalent metallic ions can aid in stabilization of the tertiary structure of molecules of some proteins (41) , ribonucleic acid (RNA) (41) , and deoxyribonucleic acid (DNA) (35) . It is possible, therefore, that viruses, at least during their extracellular existence, might make use of metallic ions to withstand such deleterious agents as heat and degradative enzymes.
The first crystalline samples of tobacco mosaic virus (TMV) contained 1.3 to 1.77% ash (111) ; subsequently, attempts were made to determine. whether the metallic ions associated with TMV are merely contaminants, acquired either during the sojourn in the host tissues or during purification, or are actually integral components of the complete virion (73) . The evidence obtained points to the latter alternative, inasmuch as the cation composition of TMV neither bears any direct relationship to that of the host fluids nor varies in content during successive ultracentrifugal cycles of purification. The purified virus is considered to be a relatively undissociated coordination complex of RNA, protein, Ca+, and Mg+,+ (73) ; the two metallic ions comprise 0.38 % by weight of the samples. Additionally, TMV preparations have been found to be associated with Al+++, Cr-4*, Mn++, Fe++, Ni++, Cui++, Zn++, Sr'++, and Ba (124) , and removal of Fe++ has been correlated with loss of infectivity (72) ; however, not all infective samples contain Fe+ (40) .
Infectivity of TMV RNA is stabilized by the presence of 10-7M Ni, presumably because the metallic ion interferes with the activity of an extrinsic labilizing factor (23) ; it is not known if such a protective mechanism is operative under natural conditions. Metallic ions apparently are chelated to the nitrogenous bases of TMV RNA and stabilize the helical structure (52) . However, appropriate additional quantities of any of the ions in the group of nine cations listed above can destroy biological activity of TMV RNA at 65 C by catalyzing hydrolysis of phosphodiester bonds (52) . As few as three equivalents of Fe+++ per mole of TNV RNA (6, (109a) .
In contrast to the strong affinity of TMV for alkaline earth metallic ions, the bacterial virus Escherichia coli T5 loses more than 90% of Ca++ acquired from the host cell with each successive sedimentation; after five cycles of centrifugation, there remain fewer than 10 atoms of Ca++ per virus particle (68) . Nevertheless, the thermal stability of bacteriophages, including T5, is enhanced very markedly by 10-3M Ca+ or Mg++ and is depressed by metal-binding agents (68) . Presumably, the latter agents decrease the stability of the virus particles by removing metallic ions (other than Ca++) from their natural sites.
Two animal viruses, mouse encephalomyelitis (97) and vaccinia (49) , were reported in early studies to be associated with Fe+ and Cu++, respectively; in neither case, however, was evidence subsequently obtained that the cation is actually a component of the virus rather than a contaminant from host cell substances. As with bacteriophages, salts of Mg++ enhance the stability of enteroviruses and reoviruses at a variety of temperatures. For example, 1 M MgCl2 or MgSO4 protects entire populations of poliovirus for 25 days at 24 C and for 1 to 2 hr at 50 C; controls show only 20% survival and complete inactivation, respectively (127) . Live oral polio vaccine in tightly stoppered vials at pH 6.4 can be stored without loss of efficacy for as long as 1 year at 4 C, if 1 M MgCl2 is included in the formulation (83) . The titer of active particles in reovirus preparations is actually increased by four-to eightfold by exposure to 2 M MgCl2 for 5 to 15 min at 50 to 55 C (132); however, in MgSO4 solutions, the preparations are inactivated (131) . Of 42 strains of enterovirus tested, all are stabilized by MgCl2, whereas only five are stabilized by MgSO4 (131) .
Strains of such RNA viruses as Japanese B encephalitis (88) , measles (98) , and influenza (131) The attachment of such animal viruses as poliovirus and coxsackievirus to monkey kidney cells also is enhanced by 10-3 M Mg++ or Ca++ (4, 77); for adsorption of fowl plague virus to chick embryo cells, optimal concentrations are 10-M for Al+++, 10-2M for Mg++ or Ca++, and 10-1 M for Na+ or K+ (2). No examples of the need for cations in attachment of plant viruses to host cells are presently available; the lack of information in this area can be attributed to the difficulty in control of the ionic environment, inasmuch as most plant virus studies are performed with intact plants or organs rather than with cell cultures.
After attachment of the virus particle to a receptor site on the surface of the host cell, the parasite or at least its nucleic acid must be able to penetrate into the cell. Detailed studies of the mechanism of penetration of a few bacterial viruses have demonstrated that the specificity of the metallic ion requirement for penetration is much greater than for attachment. Penetration of a variety of bacterial viruses has been found often to be dependent upon an environmental supply of Ca++ (33, 74, 93, 125, 137) , possibly for activation of the myosinlike contractile phage enzyme that aids the invasion of the nucleic acid (43) . In a few cases, Mg++ (74) or Mn (33) can substitute for Ca++; with coliphage T1, the Ca++-dependent process is antagonized by Zn (1).
Bacteriophage T2 particles can be classified into two groups; one contains long-headed, dyepermeable, slowly sedimenting phages, and the second contains virions with the opposite features (29) . Conversion from the first to the second group can occur after irreversible adsorption; however, the heads of the particles must be shortened before injection of DNA can occur. Shortening of the head protein is enhanced by components that leak from host cell cytoplasm during infection. Most effective of these is Ca+ (10 times as active as Mg+); the percentage of shortheaded forms in a medium containing 10-4M Ca++ is 28.6, whereas in the presence of 10-3 M Ca++ the percentage is 75.0. Approximately 2 to 4% of the estimated 7 X 10-4M Ca++ in host cytoplasm escapes during infection; this quantity is itself insufficient for conversion, but is probably supplemented by Mg++ and Na+ (29) .
Subsequent to attachment of the tail of T2 coliphage to the host cell, tail fibers are unwound and removed, provided that Zn+ is present in the cell wall (66 (67) .
Other than the Zn-dependent system described for coliphage T2, there is no available information concerning the extent to which metallic ions present as integral parts of bacterial walls might either aid or interfere with phage penetration. Evidence for the presence of metallic ions in walls continues to accumulate. For example, walls of corynebacterial (51) As has been true in the early development of many areas of virology, the first virus to be intensively studied was TMV. The rate of virus synthesis is depressed in cells of the tobacco plant deprived of Fe++ (94) or Zn+ (46) , and is accelerated in cells deprived of Mn (138) . Efficient synthesis occurs even in chlorotic Mn++-deficient cells; apparently, TMV formation is independent of Mn++-catalyzed enzymatic processes. The minimal Zn+ requirement, as well as the maximal quantity tolerated, was found to be identical for normal host metabolism and for optimal virus replication, whereas low concentrations of Fe++ exert a greater suppression on virus production than on cell metabolism (46, 94) . Interestingly, those virus particles that are produced by Fe++-deficient plants contain as high a quantity of Fe++ as do virions synthesized by normal plants (124) .
In partial disagreement with results of the study cited above (46) Attempts have been made to control the synthesis of at least two additional plant viruses, clover phyllody and a camelia pathogen, by adjustment of the metallic ion environment. In clover plants, addition of 3 X 10-4 M Zn++ suppresses virus synthesis while permitting normal host growth (18) , and in camelia plants added Fe++ has a similar beneficial action (90) .
A few reports are available concerning metallic ion control of various aspects of bacteriophage synthesis. A virus strain infecting Salmonella typhi requires specifically Ca++ (36) for an unknown function associated with replication; a second strain needs specifically Mg++ (119) . In a medium containing 10-4 M Mg++, development of E. coli phage T4rII in cells lysogenic for phage X proceeds normally for 10 min but then requires a 500-fold increase in Mg++ for continued normal maturation; the additional quantity of cation is not needed for wild-type T4 replication (42) . The Mg++ requirement is antagonized by K+ and by agents that interfere with aerobic oxidation. Conceivably, these mutant phages might be causing excessive leakage either of Mg++ or of other substances essential for replication, and the additional quantity of the cation might be able to halt the efflux by strengthening the cell surface (42) . However, general permeability changes occur to the same extent in host cells infected with either wild-type or mutant phage (9); furthermore, although there is more leakage of putrescine in cells infected by mutant phage, Mg++ is unable to prevent this efflux (3). The Mg++ requirement for rI phage replication in lysogenized cells can be replaced by polyamines (3, 9), and it is possible that, in this system, the active substances function as cofactors or stabilizers of an unknown product essential for virus synthesis (9) .
Synthesis of phage by cells of a strain of Bacillus megaterium is suppressed by 5 X 10-6 M Cu+I, 5 x 105 M Zn, or 5 X 10-6 M Co++ without any obvious injury to the bacterial cells (54) ; in the same system, 10-4 M Mn++ is required for virus production. The latter requisite is compatible with the general need of Bacillus species for considerably more Mn+ for the synthesis of various secondary metabolites and structures than for vegetative growth (135) . With a corynebacterial phage-synthesizing system, on the other hand, large quantities of Mn++ as well as of Zn++ and Cu are detrimental to virus replication (5) .
The maintenance of prophage in a strain of B. megaterium depends on an adequate supply of Ca++ (25) , and the induction in this species of virulent phage from prophage by reducing agents requires Cu++; the latter ion is antagonized by Co++ (75) . The inducing effect of ultraviolet light also depends on the balance of cations, and Lwoff (75) has concluded: "The absence of phage development in lysogenic bacteria is controlled by an equilibrium depending on the absolute and relative affinities of bacterial constituents for cations, and of the absolute and relative proportion of cations in the bacteria."
As with bacteriophage synthesis, a small amount of information is available concerning A few comparisons have been made of the in vitro requirements for, and tolerance to, metallic ions between virulent and avirulent bacterial strains. There has been little correlation of the observations with specific in vivo metallic ion environments; thus, it is not presently possible to predict whether the differences are causally associated with virulence and if they can be applied in the development of either preventive or therapeutic regimens. An early study was that made with Pasteurella pestis; nine virulent strains but not three avirulent strains were found to require 2 X 10-3 M Ca++, Sr++, or Zn+-for in vitro growth at 37 C (47). However, reduction of the concentration of Mg++ from 20 x 103 M to 2.5 x 10-3 M resulted in a decreased need for Ca++ by the virulent strains and an increased Ca++ requirement by the avirulent strains. An additional observation of the importance to P. pestis of the Ca<-Mg++ balance will be described in the next section.
In the case of three pairs of avirulent and virulent group A streptococci, added Mn@ inhibits nucleic acid synthesis to a greater extent in avirulent than in virulent suspensions, whereas protein synthesis is largely unaffected in the former (38) . With virulent suspensions, Mn++ exerts a general depression of respiration, nucleic acid synthesis, and protein synthesis. Each of the above effects of Mn++ is antagonized by an equimolar concentration of Ca++.
In contrast to the inhibitory effect of Mn on virulent strains of streptococci, the same metallic ion acts synergistically with digested DNA to promote rough -> smooth (R -* S) population changes and to stimulate multiplication of S (virulent) cells of pneumococci (37) . The metallic ion specifically depresses respiration of R cells and enhances that of S cells; it cannot be replaced by Mg++, Fe++, Co+, Cu+ , or Zn++, and is reversed by Ca++. Growth in proteose peptone medium of mixtures of virulent and avirulent cells of various strains of Klebsiella pneumoniae yields predominantly avirulent cultures; however, if the broth is supplemented with 2 X 10-3M Mg++, the cultures become fully virulent (16) .
When smooth populations of Brucella suis are grown in vitro in the presence of 6 x 10-6M Fe++, their ability to dissociate into the rough form is increased, whereas their capacity to invade tissues and to multiply rapidly in vivo is considerably reduced (133) . Cells of B. suis grown with Fe++ appear to possess a factor that stimulates the inflammatory response at the site of injection; Fe++-deficient cells, on the other hand, do not stimulate mobilization of host defense factors.
Metallic Ion Requirements for Synthesis of
Specific Factors of Virulence The synthesis of a wide variety of microbial secondary metabolites, i.e., substances possessing no obvious function (at least in the large quantity produced) in normal metabolism, require metallic ion environments that must be controlled more rigidly than those needed for normal vegetative growth (134, 135) . Therefore, it is not surprising that the synthesis of factors of virulence is affected markedly by slight changes in the balance of metallic ions; usually, these changes have little or no effect on vegetative-cell multiplication. As might be expected, the specific metallic ions that are most important for the synthesis of nontoxic secondary metabolites by a given microbial group are the same ions that are most critical for the synthesis of factors of virulence. The cations thus far recognized to be of importance are Fe++ for Clostridium, Mn++ for Bacillus, Ca++ and Mg++ for Pasteurella, and Zn+ for molds. Undoubtedly, further generalizations of this nature will become apparent as the syntheses of additional secondary metabolites, including factors of virulence, are examined in a greater variety of microbial groups.
The ability of subinhibitory concentrations of Fe++ (usually in the range of 5 X 10-8 to 1 X 10-4 M) to depress the synthesis of such factors of virulence as a-toxin lecithinase of C. perfringens (86, 102) , neurotoxin of Shigella shigae (122) , and diphtheria toxin of Corynebacterium diphtheriae (6, 24) has long been recognized. For production of tetanus toxin by Clostridium tetani, the optimal concentration of Fe++ is 1-4M; suppression of toxin synthesis occurs if this quantity is tripled (70) . Additionally, Co++, at concentrations 10-fold higher than those of Fe++, has a depressing effect on toxin synthesis (6, 24, 122) , and acts synergistically with Fe++ in some systems (24) . Staphylococcus aureus grows well in a semisynthetic medium containing acid-hydrolyzed casein, L-cysteine, glucose, three vitamins, and MgSO4; for optimal production of a-hemolysin and enterotoxin, however, glucose must be replaced by acetate and 1.3 X 1-4 M Fe++ must be added (20) .
The depressing effect of Fe++ on diphtherial toxin production may be merely a special case of the suppression by this metallic ion of microbial porphyrin accumulation; presumably, Fe++-activated enzymes convert porphyrin precursors into more complex substances such as hemes (69) . Replication of C. diphtheriae phage 3 has been proposed to be necessary prior to toxigenesis; however, Fe++ neither interferes with ultraviolet light induction of prophage (B nor with the synthesis of vegetative phage, but rather appears to suppress the subsequent conversion of a toxin precursor to the biologically active material (6) .
As noted in the section on replication of viruses, strains of Bacillus consistently have been found to require more Mn for the synthesis of many different types of secondary metabolites than for vegetative growth (135 Virulence antigens are produced by nonmultiplying cells of P. pestis in an in vitro environment containing 20 X 10-3M Mg++ and no Ca++ (13). If 2.5 X 1O-M Ca++ is added, antigen production is suppressed, and the cells begin to multiply. When 2.5 x 10-3 M Ca++ is present without Mg+, the cells swell and ultimately lyse. The quantity of Ca++ that represses virulence antigen formation and permits cell multiplication in vitro is similar to the concentration present in mammalian intravascular fluid, whereas the amount of Mg++ and Ca++ optimal for in vitro synthesis of virulence antigens is, unfortunately, identical to that reported for mammalian intracellular fluid.
Zinc (II) ion is the cation whose concentration is most critical for the synthesis of desired quantities of various secondary metabolites by yeasts and molds (134) , and the two fungal toxins for which metallic ion requirements have been examined show no exception to this generalization. The quantity of the wilt toxin, fusaric acid (5-butyl picolinic acid), synthesized by Fusarium vasinfectum in the presence of 7 X 10-6 M Zn++ is only 10% of that produced with 4 X 10-' M Zn++, whereas the amount of vegetative growth is the same at each concentration (61) . For maximal formation of aflatoxin by Aspergillus flavus, 6 x 10-6 M Zn++ is required; when the concentration is lowered to 6 X 10-M, vegetative growth is unaffected but toxin synthesis is reduced by 82% (81).
Association of Metallic Ions with Activity of
Factors of Virulence The majority of such biologically active molecules as drugs, hormones, vitamins, amino acids, polypeptides, and enzymes contain sites at which metal binding can occur, and factors of virulence are not exceptions to this general observation.
With substances of low and medium molecular weights, metallic ions often can serve as a link between the compound and a site on an enzyme 141 VOL. 30, 1966 BACrERIOL. REV. surface; with macromolecules, the cations also can function in the stabilization of the tertiary structure so that the polypeptide or protein is maximally active and is resistant to alteration by heat or degradative enzymes.
The activity of at least three, and possibly eight, The third of the bacterial toxins is factor I of B. anthracis. This powerful chelating substance has an ash content of 10 to 30%, depending on the quantity of metallic ions to which it is exposed during purification (110) . The specific cation with which it is associated in the natural disease process is not yet known; nevertheless, it is quite unlikely that such a powerful metalbinding substance could function in mammalian tissues as an unchelated species or that the metal binding ability is irrelevant to its biological function.
The fourth and fifth bacterial toxins associated with metallic ions are the protein exotoxin produced by C. diphtheriae and the lipopolysaccharide endotoxin of E. coli. The action of each of these is decreased markedly by Fe++ and, as with C. perfringens toxin, the postulated mechanism involves competition by this cation with as yet unknown metallic ions for sites on the toxin molecules (57) .
Of the many responses of host animals to E. coli endotoxin, a consistent and striking effect is hypoferremia. For example, after a single intraperitoneal injection of 1 mg/kg of endotoxin, serum Fe+ is reduced in 24 hr to 40% of its normal value in mice and to 19% in guinea pigs (21) . A single intraperitoneal injection of 100 ,pg in rats causes a significant decrease in Fe++-binding capacity of serum in 12 hr (63), a reduction in serum Fe++ to 24% of the normal quantity, and a marked elevation of the metallic ion in the liver, bone marrow, and erythrocytes (62) . With endotoxin from E. colf, a linear relationship between reduction in serum Fe++ level and logarithm of the intraperitoneal dose per mouse is obtained between 0.001 and 10 Mg; with Brucella abortus endotoxin, the corresponding values are between 1.0 and 100 MAg (4a) . In addition to being dose-dependent, the response is specific and reproducible, and, accordingly, has been applied to the bioassay of entotoxin (4a). The importance of Fe++ and Fe++-binding capacity in antimicrobial defense mechanisms of the vascular and reticuloendothelial systems of mammals will be discussed in the next section.
The sixth bacterial toxin is the murine toxin of P. pestis. The uptake of Ca++ and inorganic phosphate by 6 mg of rat heart mitochondrial protein is inhibited 48% by 2 mg of toxin (60) (55) . The Fe++-binding capacity of cord blood and of serum of the newborn during the first 2 weeks of life is almost completely saturated with Fe++, and possibly the low resistance of the newborn to candidiasis is associated with this circumstance (17) .
The yeast-inhibitory proteinlike factor in mouse ascites fluid is neutralized by addition of Fe++ (112), and intraperitoneal infections of Klebsiella can be produced in mice if Fe++ is injected with the bacterial cells (80) . Virulence of Klebsiella for guinea pigs (21) and of Listeria for mice (113) is enhanced 1,000-fold if the injection contains 2 x 103MFe+.
Nonpigmented mutants of Pasteurella are virulent for mice by the intraperitoneal route only if injected simultaneously with 4 X 10o M Fe++ (14) . The possibilities that the cation affects (i) either mobilization or ingestive capacity of phagocytes, (ii) antibody formation, or (iii) toxicity of the bacteria have been eliminated; probably, the mutant strains are less able to obtain sufficient Fe++ from host fluids for metabolism and growth than are the more virulent wild strains (14) . Similarly, strains of Pasteurella that cannot produce pesticin I, coagulase, and fibrinolytic factor are enhanced in virulence for mice if injected with 7 X 10-4M Fe++, provided that either intraperitoneal or subcutaneous routes of inoculation are employed (12) . If the bacteria are injected intravenously, the cation is not required for virulence. Pesticin I presumably has ironbinding sites (e.g., its bacteriocinic action is suppressed by Fe+++), and has been suggested as a possible candidate for the postulated substance that can transfer host Fe++ to cells of virulent strains (12) .
Patients with hypogammaglobulinemia have high levels of total and unsaturated transferrin in the absence of Fe++ deficiency; conceivably, the elevated transferrin values represent a compensatory defense mechanism (79) . Transferrin reduces the rate of synthesis of picornavirus and adenovirus in mammalian cell cultures from 0.2 to 2.0% of that of control cultures (79), but it is not known whether the protein has this activity in the natural mammalian hosts. Although the antimycotic and antibacterial action of transferrin is reversed only by Fe++, the antiviral activity is not affected by this cation; rather, Cu+ and, to a lesser extent, Mn suppress the latter action of the protein (79) . In a variety of infectious and toxemic states, serum Fe++ is observed to decrease, whereas uptake of the cation into reticuloendothelial cells is greatly increased (57) ; in fact, the host-protective capacity of endotoxin has been attributed to its ability to induce a hypoferremia (21) . A dual role of Fe++ in macrophages has been proposed: first, activation of lysosomal enzymes during phagocytosis of particulates, and second, interaction with and neutralization of toxins released from these particulates during their subsequent breakdown (56) .
In acute infectious diseases, a moderate decrease in serum Zn+ has been observed (123) , whereas in the course of most infections and autoimmune diseases the serum levels of Cu++ (19, 99) and of Mn++ (99) increase. The hypercupremia is so characteristic that it could be used as an indication of the presence of such diseases. A postulated mechanism of action of antipyretic salicylates is that these drugs transport the excess serum Cu++ back to cellular sites from which the cation originally had been released (107) . This theory implies that the high value of serum Cul is disadvantageous to host defense, and it may be recalled that Cu+ does suppress the antiviral action of transferrin. Copper (II) ion, rather than Fe++, is believed to be the cation transported by salicylates, inasmuch as each of the pharmacologically active members of the series can, at physiological pH values, combine with Cu++; in contrast, not all of the active compounds can bind Fe++ (107).
As we have seen, by depriving potential pathogens of sufficient available Fe++ for growth, serum can be bacteriostatic. Additionally, it is advantageous to the host for serum to be bactericidal.
Studies with E. coli and other enteric bacteria indicate that the "cidal" action of normal human serum requires two steps: (i) a sensitization stage that occurs within a few minutes and needs a factor in undiluted serum, and (ii) a second stage for which more time is needed as well as a factor that is present in highly diluted serum (84) . The factor in undiluted serum apparently is complement, and it is known that, for the hemolytic (and bactericidal) action of guinea pig complement with immune serum, 1.5 X 104 M Ca++ is needed for the reaction with C'1 and 5 X 10-4 M Mg++ for the reaction with C'2; the two cations are antagonistic, and the optimal proportion may vary with complement of different animal species (59) . The first stage of the "cidal" action of normal human serum is suppressed by 4 X 10-2M EDTA which, in turn, is neutralized by 5 x 10-2 M Ca++ or Mg++ (84) . (27) , bean tissue (7), and apple fruit (126) so that polygalacturonases of fungal wilts and bacterial blights are unable to hydrolyze host polymers. Not only is integrity of the pectic substances preserved, but also growth of the pathogens is slowed because of lack of accumulation of such useful sources of carbon as galacturonic acid. Tomato plants contain as little as 25% of the normal quantity of Ca++ in their stems when grown in Ca++-deficient environments, and their pectic material is readily hydrolyzed by enzymes of Fusarium oxysporum (27) . When bean hypocotyls are infected with Rhizoctonia solani, Ca++ accumulates at the site of infection; pectins in the affected zone are demethylated and then form insoluble salts with the metallic ion (7) . The salts are resistant to hydrolysis by fungal enzymes and play a major role in confining the pathogen to lesions of limited size. During the first 2 weeks of outgrowth, hypocotyls are susceptible to fungal infection. Conversion of pectin to calcium pectate occurs normally during the next 2 weeks, and is accompanied by the development of natural resistance to R. solani (7) .
Immature apple fruit contains a fungal-resistant pectin-protein-metallic ion complex. As the fruit matures, the complex is altered; there is a reduction in Ca++ content of 71 % and a corresponding increase in susceptibility to digestive enzymes of fungal pathogens (126) . At the same time, there is a decrease in Fe++ and Cu++ content of 90 and 73%, respectively; the extent to which these two metallic ions contribute to the ability of the polymer to withstand enzymatic degradation is not clear.
The second metallic ion important in plant antimicrobial defense is Cu i. Inactivation of such pathogens as Erwinia amylovora (15) and cucumber mosaic virus (92) is believed to be accomplished by quinones produced by Cu+ -activated enzymatic oxidation of polyphenols. These quinones may also inhibit fungal polygalacturonase activity (7) . Additionally, Cu++ suppresses peroxidase activity of host tissues, thus permitting peroxide to accumulate at sites of infection to concentrations that are germicidal (15) . The incidence of fire blight in apple trees can be markedly reduced by trunk injection of Cu+ (15) .
There are, of course, many formulations con- That closely related microbial strains often differ considerably in the ease with which they can invade and multiply in a given host strain is a familiar yet nonetheless surprising phenomenon of host-parasite interactions. Equally common and unexpected is the observation that similar kinds of hosts often differ considerably in natural resistance to infection and to pathogenesis by viral or protist parasites. Numerous factors of invasiveness, pathogenicity, and host resistance have been described. However, "to determine precisely the part that a particular cell component plays in the pathogenicity of a bacterial species may be very difficult" (78) ; also, mechanisms of resistance "are multiple, are in many instances still understood poorly or not at all, and probably differ from microbe to microbe, from person to person, and from time to time" (48) .
Some of the reasons for these differences may be associated with observations cited in this review. For example, a critical distinction between infective and noninfective microbial strains may be possession or production by the infective strain of a metal-binding agent (ligand) that successfully competes with host ligands for a specific metallic ion. This ion would be required either for replication of the parasite or for the synthesis or activation of factors involved in subsequent invasiveness or pathogenicity.
A critical distinction between susceptible and resistant hosts might be possession or production by the resistant host of sufficient quantities of ligands that can successfully withhold essential metallic ions from potential parasites in various tissues, fluids, or cells. The most obvious example of a ligand of this nature is transferrin, but other serum proteins (e.g., ceruloplasmin, transmanganin) as well as other defense factors (e.g., pacifarin. interferon) might also have such a function.
A considerable amount of additional information is needed concerning levels of metallic ions and of ligands in cells, tissues, and fluids of hosts with enhanced susceptibility to infection (e.g., newborn infants and diabetic patients) as well as of hosts during varying stages of specific infectious diseases; the data on metallic ions could then be compared with the values for "standard man" that are being accumulated in the excellent studies of Tipton and Cook (117) . Specimens from resistant and susceptible host species should also be compared for differences in metallic ions and in ligands. An example of a possibly unique ligand may be contained in the observation that serum from guinea pigs (but not from mice), when injected intraperitoneally into mice with Pasteurella mutants plus Fe++, renders the cations unavailable to the bacteria (14) .
Studies on interactions between animal parasites and their hosts with regard to the roles of metallic ions and ligands are likewise indicated. Preliminary reports include the following observations. Preacetabular glands of Schistosoma mansoni cercariae contain Ca++ for activation of invasive enzymes; invasiveness, but not other cercarial activities, is depressed by 10-3 M EDTA (71) . Clonorchis sinensis accumulates 2 X 10-3 M Cut for activation of polyphenol oxidase which catalyzes formation of quinones; the latter substances are then linked to protein to yield a quinone-tanned scleroprotein for use in eggshells of the fluke (76) .
Would it be practical to interfere with viral or protist parasitism by altering the available levels of specific metallic ions in host tissues, fluids, or cells by administration of ligands? At least two obstacles (we hope, temporary) must be dealt with in such attempts. The first is that there is insufficient knowledge concerning not only the tolerance of the host to fluctuations of ions and ligands but also to the complete spectrum of events that might ensue upon deliberate interference with the homeostatic mechanisms for the various cations.
The second obstacle is that synthetic metalbinding agents do not usually have the necessary specificity for a particular metallic ion; the order of strength of binding is routinely: Cu+ > Nil > Co++ § > Zn+ > Cd++ > Fe++ > Mn+ > Mg++ (82) . It is not yet possible to purposefully design a ligand that would have the appropriate stability constant for a specific cation, have lower constants for other cations, diffuse to the desired anatomical site, and function effectively at the pH reaction of the desired site. Nevertheless, synthetic compounds are in use that do function, at least in part, by virtue of their metal-binding (and possibly metal-transporting) ability. Good examples of these are the salicylates that possess antimicrobial, analgesic, antipyretic, antirheumatic, and hypoglycemic activities (39) .
Many naturally occurring products of plants, microorganisms, and animals sequester or transport a specific metallic ion with great efficiency; unfortunately, the majority of these compounds have not yet been extracted or characterized. Some of these substances should have considerable pharmacological usefulness in metabolic as well as in infectious diseases. An example of one such product is desferri-ferrioxamine B which is the first satisfactory therapeutic agent capable of removing iron deposits from tissues in hitherto lethal diseases such as hemochromatosis and siderosis (65) .
Dubos (32) suggested that the time has arrived to consider "whether useful practices of disease control can be derived from the fact that peaceful coexistence with pathogens often occurs in nature. This approach will require that the determinants of infection be separated conceptually from the determinants of disease; its objective will be to understand and control the processes which are responsible for converting infection into overt disease." Knowledge of metallic ion requirements for various facets of host-parasite interactions should undoubtedly be of considerable aid to such an approach.
SUMMARY
Numerous observations have been made concerning the importance of the metallic ion environment in host-parasite interactions. In hostvirus associations, the ions of groups IIA and IIB of the periodic Only a few observations have been made concerning differences in tolerance to and requirements for specific metallic ions between virulent and avirulent protists. In contrast, there are many observations that the synthesis of specific factors of virulence depends on the level of a specific metallic ion(s) whose nature varies with the microbial genus. The key ions are identical to those needed for the synthesis of a variety of avirulent secondary metabolites by cells of the particular genus. Some factors of virulence need a specific metallic ion for activity; several are known to be strong metal-binding substances; and a few have been observed to cause marked shifts in the normal distribution of metallic ions in host tissues and fluids. The antimicrobial power of mammalian fluids is depressed by Fe++ and enhanced by an increase in Fe++-binding capacity; the dietary defense factor, pacifarin, is a strong Fe++-binding substance. The bactericidal power of serum as well as the endotoxin-detoxifying component are affected by levels of Ca++ and Mg+. The antimicrobial defense mechanisms of plants are dependent on Ca++ and Cu++; the former stabilizes pectic substances against destruction by microbial polygalacturonases, and the latter activates polyphenol oxidases which catalyze the formation of antimicrobial quinones.
Thus, not surprisingly, the varied roles of metallic ions in host-parasite interactions are quite similar to the structural and catalytic roles of such ions in free-living macro-and microorganisms. Yet, there is sufficient uniqueness of roles of key metallic ions in many specific hostparasite systems so that the balance could be tipped in favor of either host or parasite by subtle alteration of the metallic ion environment. Prac 
